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Recent advances in the biology of mammalian pigmentation are reviewed. The multicellular 
epidermal melanin unit (melanocyte and associated pool of keratinocytes) rather than the 
melanocyte alone forms the focal point for melanin metabolism within mammalian epidermis. 
Within an epidermal melanin unit, melanosomes are synthesized by melanocytes and trans-
ferred to keratinocytes where they are degraded as they ascend to the epidermal surface. Dur-
ing the past 25 years, technical advances in biology and biochemistry have fostered a multi-
disciplinary approach to research on mammalian pigmentation. Emphasizing this perspec-
tive, we have examined the current state of knowledge of the form and function of epidermal 
melanin units from the levels of biologic organization ranging from the molecules relevant 
to melanin synthesis through the skin as a totally integrated system. To an unusual degree, 
advances in melanin pigmentation have resulted from the integration of clinical medicine and 
basic science. 
In 1950, when the Annual Symposia on the 
Biology of Skin began , our understanding of the 
processes underlying melanin pigmentation was 
changing radically. In the next 25 years, several 
new and important discoveries would be reported . 
The biology of melanin is an ideal subject in which 
to establish a dialogue between biology and medi-
cine, between scientists who work exclusively on 
animals and clinicians who can develop new in-
sights into basic biologic concepts by studying the 
experiments of nature. During nine Pigment Cell 
Conferences, spanning 27 years, a melange of 
biologists, surgeons, endocrinologists, dermatolo-
gists, chemists, and biochemists has mingled every 
2 or 3 years to discuss the pigmentary system. Dur-
ing these sessions, new collaborations have been 
established and expanded to include a cluster of 
biologists and clinicians who share a common in-
tense interest in and concentration on the pigment 
cell. This review, which presents certain aspects 
of the advances in melanin biology during the past 
25 years, exemplifies in its authorship the ongoing 
collaborative effort of biologists and physicians . 
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SKIN COLOR: ORIGIN, VARIATION, AND ROLE 
OF MELANIN 
Normal human skin color-red, yellow, brown, 
and blue-is produced by four skin pigments: by 
exogenously produced carotenoids (yellow) and en-
dogenously produced melanin (brown) in the epi-
dermis, by oxygenated hemoglobin (red) in the 
capillaries , and by reduced hemoglobin (blue) in 
the venules of the dermis. Of these , melanin is the 
major determinant of differences in skin color 
between individuals . No skin color attributable to 
melanin is visible unless melanin enters into the 
keratinocytes from the melanocytes in which it is 
synthesized. It is the amount of melanin in the 
keratinocytes that significantly determines the 
pigmentation of the skin and hair. The various 
amounts of melanin in the keratinocytes produce 
the wide spectrum of human skin color found in the 
various races; basically albino skin is identical in 
all racial groups. In the human epidermis , each 
melanocyte is associated with about 36 viable 
keratinocytes which transport and in some cases 
degrade the melanin received from the melano-
cytes. Together, the melanocyte and associated 
keratinocytes form an epidermal melanin unit 
(Fig. 1). Human skin contains a very large number 
of these units and its color is the visual impact of 
melanin within them. 
Melanin pigmentation of human skin is conven-
iently divided into two components [1]. Constitu-
tive skin color is the amount of cutaneous melanin 
pigmentation generated according to cellular ge-
netic programs without any direct effect by radia-
tions of solar origin. It is, briefly, the level of 
pigmentation acquired in those parts of the body 
habitually shielded from light. Facultative (induc-
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FIG. 1. Epidermal melanin unit consisting of a mel-
anocyte and associated pool of keratinocytes. A Langer-
hans cell is located among the suprabasal keratinocytes. 
ible) skin color or "tan" includes the short-lived 
immediate tanning (IT) and delayed tanning (DT) 
reactions, both of which are elicited by direct 
exposure of the skin to ultraviolet light (UVL). 
Since the hyperpigmentation of the skin tends to 
decrease toward the constitutive level when expo-
sure to UVL is discontinued, facultative color 
change is reversible. The hyperpigmentation in-
duced by endocrine changes during pregnancy and 
Addison's disease is another type of facultative 
color change. Alterations in endocrine balance can 
significantly affect the response of human skin to 
UVL. Facultative color changes in man, then , arise 
from the complex relation between light, hor-
mones, and the genetic potential of the epidermal 
melanin unit, · the basic multicellular "organ" of 
melanin metabolism. 
Skin color derives from complex processes rang-
ing from the molecules which are relevant to 
melanin synthesis to the skin as a fully integrated 
system. The k~y events in these processes include: 
(a) the migration of the melanoblasts from the 
neural crest and their differentiation to form epi-
dermal melanocytes; (b) the formation of struc-
tural proteins and the enzyme tyrosinase and their 
assembly in the development of melanosomes 
\'J ithin melanocytes; (c) the melanization of mel-
c: nosomes; (d) the movement of melanosomes from 
he perikaryon to the dendritic processes of the 
nelanocyte; (e) the transfer to and incorporation of 
.nelanosomes within the keratinocytes, either as 
.ingle, discrete particles or as complex, aggregated 
'Jarticles (i.e., "melanosome complexes"); and (~ 
he degradation of melanosomes within the keratI-
nocytes. This paper describes the success made in 
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clarifying these major processes during the last 
twenty-five years. 
TYROSINASE 
The biochemical basis of melanin formation in 
invertebrates had been fairly well outlined by 1917 
[2], but its actual formation in vertebrates re-
mained a mystery despite Bloch's [3] discovery 
that dopa (L-3,4-dihydroxyphenylalanine) is a sub-
strate in vitro for melanin formation in human 
pigment cells. Not until 1928 did Raper [4] show 
that dopa is the second product in the oxidation of 
tyrosine to melanin. Bloch's hypothesis that dopa 
is the precursor of melanin formation in mammals 
was tentatively accepted until 1942 when Hoge-
boom and Adams [5] demonstrated tyrosinase in 
mammalian tissue. Using Harding-Passey mouse 
melanoma, these authors partially separated mono-
phenolase and diphenolase which were involved, 
respectively, in the conversion of tyrosine to dopa 
and the oxidation of dopa to dopa-quinone (Fig. 
2). With this discovery, Hogeboom and Adams 
revived the old dispute over the one-enzyme (tyro-
sinase) and the two-enzyme (tyrosine-hydroxylase 
and dopa-oxidase) hypotheses of melanin forma-
tion. In 1949, Lerner and his group reported [6] 
that they were unable to separate tyrosinase activ-
ity from dopa-oxidase activity. They also found 
that the so-called dopa-oxidase hypothesis of 
Hogeboom and Adams is, in fact, tyrosinase activ-
ity whose induction period is so long that the 
enzyme appears to be unrelated to the oxidation of 
tyrosine. When catalytic amounts of dopa were 
added, this period was shortened linearly accord-
ing to the logarithm of the concentration of added 
dopa. 
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FIG. 2. Metabolic pathway of eumelanin and pheo-
melanin biosynthesis. Both begin with the enzymic (tyro-
sinase) conversion of tyrosine to dopa to dopa-quinone. 
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Clearly, then , dopa is a precursor of melanin 
formation in normal mammalian melanocytes in 
vitro, but histochemical experiments on mamma-
lian skin indicated that tyrosine as a substrate is 
inactive. This was clarified by experiments in 
'which irradiated skin specimens converted both 
tyrosine and dopa to melanin [7]. The utilization of 
tyrosine in melanogenesis was further demon-
strated by cytologic incorporation of radioactive 
tyrosine into vertebrate melanocytes [8]. 
More recently, however, several studies using 
electron microscopy and electrophoresis have re-
vived the controversy: are the initial. steps of 
animal melanogenesis catalyzed by a single en-
zyme, tyrosinase, or by two distinct enzymes 
acting in sequence, peroxidase and dopa-oxidase 
[9-12]? The histochemical and cytochemical stud-
ies of Okun and his associates failed to demon-
strate the tyrosinase-melanin reaction within mel-
anocytes and melanosomes , but they did identify 
peroxidase activity and dopa-melanin reactions 
within melanosomes [10-12]. They concluded that 
tyrosinase , i.e., an enzyme which oxidizes tyrosine 
to dopa and dopa to dopa-quinone, does not exist 
in mammals and that the former conversion is 
catalyzed by peroxidase. 
Recently, however, Holstein et al [13] presented 
electrophoretic evidence that during the initial 
steps of melanin synthesis, multiple forms of 
tyrosinase (Fig . 3) from mouse melanoma and hair 
bulbs utilize both tyrosine and dopa. They sug-
gested that although peroxidase is present in hair 
bulb and melanoma extracts , it can be distin-
guished from the multiple forms of tYTosinase by 
FIG. 3. Activity patterns of tyrosinase from follicular 
melanocytes:(A) black (C57BL/6J) mice (sacrificed 10 
days post plucking); (B) nonagouti black rats (10 days 
post plucking) ; (C) gerbils (18 days post plucking); (D) 
golden Syrian hamsters (10 days post plucking); (E) 
nonagouti black rabbits (10 days post plucking) . The 
substrate used to demonstrate tyrosinase activity was 
dopa. 
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the latter's ability to oxidize both tyrosine and 
dopa. Specifically, they showed that all forms of 
tyrosinase (T 1 and T 2-T 3) retain the ability to 
convert tyrosine and dopa to melanin when cata-
lase is present in sufficient quantities to block 
peroxidase and that T 1, selectively isolated from 
polyacrylamide gels, hydroxylates tyrosine in the 
presence of catalase. Like Hostein et al [13], 
Hearing [14] and Hearing and Ekel [15], using a 
different mouse melanoma (S91), found that tyro-
sinase utilizes tyrosine as a substrate, as well as 
dopa, although the Vrnax with dopa was much 
higher than with tyrosine. Edelstein et al [12], 
however, failed to demonstrate both the utilization 
of tyrosine by the enzyme released by trypsin from 
melanosomes of B-16 mouse melanomas and per-
oxidase activity in this melanosomal preparation. 
But Jimbow, O'Hara, and Fitzpatrick [16] showed 
that the melanosomal enzyme(s) released by the 
non- ionic detergent, BRIJ -35, utilizes both tyro-
sine and dopa as substrates to form melanin (Fig. 
4). Like Hearing [17], they also found that the 
BRIJ -35-solubilized enzyme was greatly inacti-
vated when treated with trypsin. They, however, 
purified the BRIJ -35-solubilized melanosomal en-
zyme before electrophoresis to prevent the identi-
cal positions of the two enzymatic activities from 
being construed as due to the fortuitous comigra-
tion of distinct enzymes. For the moment, at least, 
the majority affirm that a true tyrosinase is present 
in mammalian melanocytes. 
MELANINS 
There are two major classes of integumentary 
melanin: the black-brown (eumelanin) and the 
yellow-to-red (pheomelanin) formed by the action 
of tyrosinase. 
Eumelanin 
Unlike the melanins of plant origin, which are 
generally typified as "catechol melanins," mamma-
lian melanin is " indole," i. e., com posed basically 
of indole-5 ,6-quinone units. In 1895, Bourquelot 
and Bertrand [18] found that the toadstool , Rus-
sula nigricans, contains tyrosinase . Biedermann 
[19], who found tyrosinase in the larva of the 
meal-worm beetle, Tenebrio, showed that oxygen 
is necessary for melanin formation . During the 
1920s, Raper [4] and his colleagues, in an extensive 
study of plant tyrosinases, worked out a metabolic 
pathway of tyrosine-to-melanin that was later 
confirmed and modified by Mason [20]. According 
to the classic Raper-Mason scheme of enzymic 
melanin formation from tyrosine and dopa, mela-
nin is thought to be formed from tyrosine -> dopa -> 
dopa-quinone -> dopa-chrome -> 5, 6-dihydroxyin-
dole -> indole-5,6-quinone -> melanin through the 
polymerization of indole-5,6-quinone units. In this 
scheme, melanin is a homopolymer of indole-5,6-
quinone units linked through a single bond type. 
Swan [21,22] and Nicolaus and Piattelli [23], 
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FIG. 4. Utilization of tyrosine and dopa as substrates 
by melanosomal tyrosinase. Melanosomes were obtained 
from Harding-Passey mouse melanoma, purified by 
sucrose-density gradient ultracentrifugation, treated 
with 0.1 % BRIJ-35 (nonionic detergent) for 30 min at 
room temperature. Extracted materials were purified by 
DEAE-cellulose and hydroxyapatite chromatography 
and applied to disc electrophoresis. DAB-Benzidine test 
for peroxidase. 
however, showed by means of labeled precursors 
that Raper's pathway may be oversimplified, espe-
cially in the steps after the formation of 5,6-dihy-
droxyindole. On the basis of chemical studies of 
natural melanins, Nicolaus and colleagues [23] 
proposed that the degradation of melanins by 
alkaline fusion gives 5,6-dihydroxyindole in animal 
melanins and catechol in plant melanins. Their 
work with squid melanin revealed that the pigment 
is linked to pi..·otein by means of cysteine units and 
that it consists of 5,6-dihydroxyindole and 5,6-
dihydroxyindole-2-carboxylic acid moieties at vari-
ous oxidative levels. They concluded that melanin 
is a heteropolymer or a random polymer derived 
from the linkage of many different indoles. 
Pyrrole units, which carry carboxyl groups in 
addition to phenolic or quinonoid groups or both, 
are also present, some of which represent carbox-
ylated terminal units. The redox state of melanin 
polymer is equally important. Mason, Ingram, and 
Allen [24] related the free radical property of 
melanins to a semiquinoid form of 5,6-dihydrox-
yindole that must be stabilized by resonance 
throughout the highly conjugated polymer. 
' )lois, Zahlan, and Maling [25] concluded that 
; .lelanins are highly irrregular, three-dimensional 
'olymers of several types of monomers joined by 
ifferent covalent bonds. These observations ap-
)ly, of course, only to the synthesis of black-brown 
nelanin (eumelanin). 
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Pheomelanin 
Much less is known about the yellow and red 
pigments in mammals (pheomelanin). Whereas 
eumelanin is insoluble in almost all solvents and 
resistant to chemical treatment, pheomelanin is 
soluble in dilute alkali. Both occur in cytoplasmic 
inclusions or melanosomes. The ultrastructural 
studies of Parakkal [26] indicate that the melano-
somes in red or yellow hair follicles are spherical, 
whereas those in black hair follicles are ellipsoidal. 
According to Prota and Nicolaus [27] pheomela-
nin contains sulfur which may be formed in vivo by 
the reaction of an amino acid containing a thiol 
group with dopa-quinone produced by the tyrosi-
nase-mediated oxidation of tyrosine. They also 
suggested that the first step in pheomelanin bio-
synthesis is a 1,6 addition of the thiol group of 
cysteine to dopa-quinone to form ,B-(5-S-cystein-
yl-3,4-dihydroxyphenyl)-alanine or ,B-(5-S-cystein-
yl-dopa). Further oxidation of this intermediate 
gives rise to pheomelanin. Subsequent experi-
ments showed that the reaction between dopa-qui-
none and cysteine also produces the other possible 
1,6 addition compound, 2-S-cysteinyl-dopa [28, 
29], as a minor product (Fig. 2). Pheomelanins 
appear to be formed in nature by a modification of 
the eumelanin pathway, which involves the in-
teraction of cysteine with dopa-quinone produced 
by enzymatic oxidation of tyrosine, but the de-
tailed pathway of their in vivo metabolism is not 
yet completely understood. 
The cytophysiology of pheomelanin synthesis 
has been most extensively investigated in the for-
mation of the yellow (agouti) band during the 
growth of hair in mice [30,31]. Except for a narrow 
subapical band of pheomelanic melanosomes, the 
agouti hair is pigmented throughout by melano-
somes containing eumelanin. The melanocytes in 
the bulb of an agouti hair follicle initially produce 
eumelanin, shift temporarily to pheomelanin syn-
thesis , and return for the rest of the growth cycle to 
the production of eumelanin. 
Cleffmann [30] reported that more of the sulfhy-
dryl compounds, glutathione and cysteine, are 
incorporated into the yellow melanocytes and later 
into pheomelanin than into black melanocytes and 
eumelanin. The rate of incorporation of tyrosine 
and dopa into yellow melanocytes is lower than 
into black melanocytes. Cleffmann [30] observed 
that in "agouti" and "nonagouti" mouse skin 
maintained on basal medium in organ culture, all 
follicular melanocytes synthesize black pigment. 
When sufficient reduced glutathione is added to 
the culture medium, the follicular melanocytes 
switch synthesis from eumelanin to pheomelanin. 
Melanocytes which would normally synthesize 
only eumelanin in vivo elaborate pheomelanin 
when confronted with adequate amounts of re-
duced glutathione in vitro. Moyer, Campbell, and 
Petrovich (cited in Moyer [32]) apparently con-
firmed Cleffmann's basic findings and also demon-
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strated that actinomycin D does not alter the 
appropriate pigmentary events in hair follicles 
treated with reduced glutathione in vitro. Moyer 
[32] suggested that the cyclic changes in the types 
of melanin synthesized by agouti melanocytes are 
regulated by mechanisms not involving direct gene 
action . Histochemical studies also suggest that 
sulfhydryl compounds are involved in the synthesis 
of pheomelanin in vivo [30]. 
Recently, Knisely, Gasser, and Silvers [33] failed 
to find a conversion from pheomelanogenesis to 
eumelanogenesis within hair follicles when yellow 
(AY la) specimens of skin were cultured in vitro 
under conditions comparable to those reported by 
Cleffmann to produce this change. They also found 
that glutathione added to organ cultures of agouti 
(AI A) skin did not induce a conversion to pheomel-
anogenesis by follicular melanocytes engaged in 
eumelanogenesis. Thus, although cysteine is used 
as a substrate in pheomelanogenesis, it is uncertain 
to what extent pheomelanogenesis depends on the 
regulatory role of such sulfhydryl compounds as 
glutathione. But it is noteworthy that cysteine is 
one of the components of glutathione. These dis-
crepancies are further complicated by studies 
which indicate that cysteinyl-dopa is synthesized 
by eumelanogenic melanocytes [34]. According to 
Galbraith [31], the formation of the agouti band is 
closely associated with cyclically changing patterns 
of competition between keratinocytes and melano-
cytes for substrates (e.g., tyrosine) common to 
both hair growth and melanogenesis. What the 
mechanism is that decides whether pheomelanin or 
eumelanin is to be synthesized by follicular melano-
cytes still eludes characterization. 
MELAN OCYTES 
A melanocyte, then, is a cell in which melanin 
derived by tyrosinase activity is synthesized. Until 
1953 [35], it was called a melanoblast and there 
were some who believed, as Bloch [36] had done 
earlier, that it derived from epidermal cells. Mas-
son [37] and Billingham [38] stated that the 
"melanoblast" was a glandular cell and that its 
specialized product was discharged into other cells. 
In 1956, Birbeck, Mercer, and Barnicot [39] used 
electron microscopy to establish the secretory na-
ture of this cell and its secretory products, melanin 
granules. 
The origin of mammalian melanocytes had been 
clarified in 1948 by Rawles [40], who showed that 
melanocytes arise not from the definitive epider-
mis but from the neural crest. In man, the melano-
cyte system comprises the melanocytes not only of 
the skin and mucous membrane but also of the eye 
(the uveal tract and retinal pigment cells) and 
central nervous system (leptomeninges). Undif-
ferentiated precursor forms first appear in human 
skin during the eighth week of fetal life. The retinal 
pigment cells do not arise in the neural crest but in 
the outer layer of the optic cup. 
The epidermal melanocyte systems of the vari-
ous human races have been studied by Szabo [41] 
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and Staricco and Pinkus [42]. They compared the 
average melanocyte density of single representa-
tives of various "colored" groups with that of 
European-American Caucasoids and observed 
that the colored races do not have more melano-
cytes than Caucasoids. This fixed population den-
sity of the cells can be changed. For example, the 
number of functioning melanocytes in skin can be 
increased by exposure of skin to UVL and other 
external stimuli. Some light microscopic studies 
(43-46] have indicated that the exposed skin 
contains mitotic epidermal "clear" cells. It is not 
evident, however, to what extent the increased 
population of active melanocytes in UVL-exposed 
skin is due to a direct replication of the functioning 
melanocytes or to an activation of dormant, inac-
tive, or marginally active melanocytes [47,48]; an 
activation of stem cells of the melanocytes (i.e., 
"melanogonia"); or to a direct replication of these 
melanogonia or even a transformation of the other 
types of epidermal dendritic cells (i.e., Langerhans 
cells) [49,50]. 
Recently, however, Jimbow, Roth, Fitzpatrick, 
and Szabo [51] demonstrated mitotic melanocytes 
in the nonstimulated, unexposed skin of men and 
mice, in normal-growing (anagen) hair follicles of 
mice, in growing feather follicles of chicks, and in 
the retina of the embryonic chick eye (Figs. 5, 6). 
They also showed that the presence of such differ-
entiating features as melanosomes and tyrosinase 
(Fig. 6) does not preclude the mitotic division of 
melanocytes in vivo under physiologic conditions 
without external stimuli . They also found a much 
lower thymidine index (0.7 %) for epidermal mel-
anocytes than for epidermal keratinocytes (15 %) 
after epilation, which produces a mild stimulation 
of keratinocyte mitotic indices. 
The frequency of labeling appears to parallel the 
turnover of keratinocytes which is necessary to 
form an effective barrier layer and of melanocytes 
programmed to keep this dynamic population of 
FIG. 5. Autoradiograms of C57BL/6J mouse skin 
showing uptake of 3H-labeled thymidine in a dopa-posi-
tive melanocyte (M). Adjacent keratinocytes (K) also 
show uptake. Five-week-old mice were injected intrave-
nously (tail vein) with 4 J,LCi/gm weight of methyl 
[3H]-thymidine (sp act 22 mCi/mole, New England 
Nuclear, Boston, Mass.) in normal saline. At 6 hr after 
injection, the tail skin was biopsied, incubated in 0.1 % 
dopa-phosphate buffer, pH 7.4, for 4 hr, and processed for 
autoradiography. a: Microscope focused on the silver 
grains above the melanocyte nucleus ( x 600); b: focused 
on the dopa-positive cytoplasm of the same cell (x 600) . 
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FIG. 6. A melanocyte in mitosis seen in the retinal pigment epithelium of lO-day-old White Leghorn chick embryo. 
Note the melanosomes (MS) in the various developmental stages and the chromosomes (Ch) ( x 6,400). 
keratinocytes charged with melanosomes. Melano-
cyte division obviously cannot account for the 
major increase in dopa-reactive cells after UVL 
irradiation, but it is nonetheless the source of some 
of it [47,52]. The fact that melanocytes divide in 
nonirradiated skin indicates that a turnover, albeit 
!'-low, of the population is necessary and may relate 
:.) the need to clear genetic damage induced by 
• ntrinsic and extrinsic chemical and physical 
: gents. 
The fact that mitotic melanocytes still exhibit 
. yrosinase activity and melanosomes in various 
·ievelopmental stages in both hair and feather 
follicles may also explain how melanocytes lost 
during the appendageal cycles are replaced. Using 
light microscopy, Silver, Chase, and Potten [53] 
found clear cells with aggregated pigment granules 
in telogen hair follicles. Jimbow, Szabo, and Fitz-
patrick [54] used electron microscopy and found a 
few remaining melanocytes with mature melano-
somes in resting feather follicles. The demonstra-
tion that mature melanocytes of hair and feathers 
are capable of mitosis suggests that replenishment 
of melanocytes during the growth phase in these 
tissues could be the result of division of mature 
differentiated melanocytes. 
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MELANOSOMES 
Within melanocytes, melanin is formed after the 
tyrosine-tyrosinase reactions occur on the melano-
somes. This was well demonstrated in the histo-
chemical experiments in which skin slices were 
incubated in vitro in tyrosine. Fitzpatrick et al [7] 
reported that the newly formed tyrosine-melanin 
looked like uniform brown granules. Actual proof 
of melanin synthesis on the melanosome was, 
however, not possible until 1961, when the various 
subcellular components of the melanocytes were 
separated by sucrose gradient ultracentrifugation 
[55]. Experiments by Seiji and Iwashita [56] dem-
onstrated tyrosinase activity in vitro not only in 
melanosomes but also in smooth and rough mem-
branes and on ribosomes. They also found that 
radioactive dopa was incorporated into melano-
somes and accumulated there. Nakai and Shubik 
[57] demonstrated in vitro the incorporation of 
1
4C-Iabeled dopa into melanosomes. Later, Moyer 
[32] showed the in vitro incorporation of 14C_ 
labeled tyrosine into melanosomes. 
The formation of melanosomes involves the 
assembly and organization of four elementary 
components that include structural proteins, tyro-
sinase, "membranes," and possibly, certain auxil-
iary enzymes. Structural and enzymic proteins 
that are probably synthesized according to under-
lying genetic programs are segregated within the 
membrane-limited vacuoles which may arise from 
either Golgi vesicles, the Golgi-associated endo-
plasmic reticulum, or the general endoplasmic 
reticulum. Within the membrane-limited early 
melanosomes of man, the segregated proteins as-
semble to form a matrix consisting of several 
concentrically arranged protein sheets [58-60]. 
The inner matrices of mouse melanosomes, how-
ever, have been viewed as a filamentous sheetlike 
structure [32] and a series of independent melano-
filaments [61]. Currently, there are four major 
hypotheses about how structural proteins and 
tyrosinase are organized to form early melano-
somes. The classic theory [56,62] is that tyrosinase 
is formed on the membrane-bound ribosomes and 
passes through the rough and smooth endoplasmic 
reticulum to the Golgi apparatus. Either by fusion 
or enlargement of Golgi-derived vesicles laden 
with this protein, the earliest form of melanosome 
(Stage 1), then occurs. Thus, from the beginning, 
tyrosinase is incorporated into the inner matrix but 
remains inactive until melanization begins. A modi-
fication of this theory [63-65] is that tyrosinase is 
transferred through the rough to the smooth endo-
plasmic reticulum and aggregates in the expanded 
tip of the Golgi cisterna or in the smooth endo-
plasmic reticulum connected with the Golgi appa-
ratus, which then enlarges and is pinched off to be-
come the early melanosome. Therefore, from the 
beginning, tyrosinase is incorporated into the inner 
lamellae, where it remains inactive until melaniza-
tion begins, even though it is active on the inner 
aspect of the outer membrane. The third theory 
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[58,66,67] is that the structural proteins, and 
probably tyrosinase, are formed on the mem-
brane-bound ribosomes and aggregate randomly to 
form one unit within the cytoplasm without any 
relation to the endoplasmic reticulum and Golgi 
apparatus. The fourth theory [68-70] states that 
the structural proteins and tyrosinase are not 
incorporated simultaneously into the melanosome 
but rather that tyrosinase accumulates in a partic-
ular area of the Golgi apparatus (GERL) and 
"condenses" in coated vesicles, which transfer it 
to the dilated tubules of the smooth endoplasmic 
reticulum where the structural proteins of the 
inner lamellae are aggregated. At the beginning, 
therefore, the inner lamellae do not contain tyro-
sinase. Melanization on the inner lamellae begins 
after tyrosinase is released from the coated vesicles 
into the melanosomes. More recently, Turner, 
Taylor, and Tchen [71] proposed still another view, 
namely, that the melanosomes in melanophores of 
xanthic goldfish are formed from large vesicles or 
multivesicular bodies which originate from blebs of 
the rough endoplasmic reticulum. Golgi-derived 
small vesicles containing tyrosinase fuse with the 
large vesicles, invert, and re-form within the large 
vesicles, where tyrosinase is exposed. Melanin 
synthesis begins around the periphery of these 
inverted vesicles. 
Four stages of melanosome development are 
currently recognized [59]. The matrix of mature 
melanosomes has generally been thought to be 
electron dense and amorphous after the completion 
of melanization (Fig. 7). Several electron micro-
scopic studies [59,72-74], however, have shown 
that the completely mature melanosome is not 
amorphous but contains some unknown structures 
o 
that are spherical, about 400 A in diameter, and 
translucent with regard to electron density. This 
new structure, called the "vesiculo-globular" body 
is found not only in mammalian melanosomes but 
also in those of other vertebrates [75 J. According to 
Jimbow and Fitzpatrick [75], these bodies are (a) 
present in all stages of melanosomal development, 
(b) increased in number during developing stages, 
(c) attached to the surface of the lamellae of the 
inner matrices, (d) covered by osmiophilic fine 
grains of melanin after melanization of melano-
somes, (e) do not undergo internal melanization 
during melanosomal development, (f) unchanged 
in size even though the melanosomes change in 
size, and (g) not degraded once they are incorpo-
rated into the inner matrices (Fig. 7). The roles of 
these vesiculo-globular bodies are still unknown, 
but they might, among other things, be the carriers 
of enzyme(s). Maul and Brumbaugh [69] found 
that vesicular bodies in fowl-feather melanosomef, 
are tyrosinase (dopa-oxidase) positive. They sug-
gested that the tyrosinase carried by these vesicle~ 
is inactive at the beginning of melanosomal devel-
opment but later becomes active and, when it if; 
released, causes the vesicles to break down anii 
form "empty" centers within the melanosome. 
Ultimately, the various melanosomal compo· 
July 1976 
FIG. 7. "Vesiculo-globular" (VU) bodies in melano-
somes of the retinal pigment epithelium and hair folli-
cles. a: Melanosomes in retinal pigment epithelium. Note 
that the vesiculo-globular bodies are present between the 
outer membrane and the inner matrix. Each vesiculo-
globular body is limited by a membrane ( x 34,500). b: 
Scanning electron microscope view of the vesiG-Wlo-globu-
lar bodies in the follicular melanosomes of black mice 
(C57BL/6J). Note that the globular bodies protrude from 
the surface of the melanosomes; the outer membrane of 
the melanosome was leached off by treatment with 
thioglycolic acid and phenol ( x 50,000). 
nents are under genetic control, the key regulatory 
steps associated with the transcription and trans-
lation of information being coded within appropri-
ate "pigmentary genes." The primary qualitative 
attributes of melanosomal components are no 
doubt specified by nucleotide sequences within 
DNA, but it is not clear whether their quantities 
are determined by regulatory mechanisms operat-
ing at the level of gene transcription or translation, 
or both. Transcriptional and translational control 
mechanisms may interplay to affect significantly 
not only the number of melanosomes synthesized, 
but perhaps also certain of the qualitative attri-
butes of individual melanosomes. In this view, the 
structure and function of individual melanosomes 
depend on the kinds and relative amounts of 
components available for assembly. Genetically-
programmed faults in the organization of the ma-
tl" ix might result from either abnormalities in the 
primary structures of the elementary melanosomal 
p:·oteins or imbalances in the quantities in which 
h ey are presented for melanosome assembly. Re-
c:!ntly, several electron microscopic studies on the 
]·ypermelanotic and hypomelanotic lesions of con-
t' 2nital human diseases provided support for this 
\ iew. Jimbow, Szabo, and Fitzpatrick [76] found 
:... iant pigment granules called "macromelano-
omes" in the hyperpigmented cafe-au-Iait macules 
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of neurofibromatosis (Fig. 8). These macromelano-
somes, whose long and short axes are at least 10 
times larger than those of normal melanosomes, 
have several characteristics which indicate the ab-
normal assembly of melanosomal components. 
They consist of four elementary components: (a) 
outer membrane, (b) highly electron-dense amor-
phous matrix probably made of melanoprotein, 
(c) vesiculo-globular bodies, and (d) fine grains of 
probable melanin moieties. Several subtypes of 
macromelanosomes suggest a morphologic se-
quence in the development of these granules in 
melanocytes. Melanin synthesis apparently begins 
on the central concentric aggregation of vesiculo-
globular bodies which, when coated with electron-
dense materials, forms the inner core of the amor-
phous matrix. The outer membrane often has fen-
estrations through which the vesiculo-globular 
bodies appear to pass from the outside into the 
granules. The fact that macromelanosomes are 
also found as a single unit in the keratinocytes in-
dicates that they are probably transferred from 
melanocytes to keratinocytes. Macromelanosomes 
also occur in melanocytes and keratinocytes in 
other pigmentary disorders. In so-called nevus 
spilus, for example, Konrad, Wolff, and Honigs-
mann [77] demonstrated giant melanosomes ultra-
structurally similar to macromelanosomes. 
In the hypermelanotic islands in the center of 
the hypomelanotic areas of piebaldism, the mel-
anocytes synthesize both normal ellipsoidal and 
abnormal spherical melanosomes. The abnormal 
spherical melanosomes, about 0.5 to 0.7 J..L in 
diameter, contain inner matrices composed of an 
FIG. 8. Macromelanosomes in a melanocyte of the 
cafe-au-Iait pigmented macule in a patient with neurofi-
bromatosis. a: Low-power view of the macromelanosome 
(MMs) . Compare the difference in the size of the normal 
melanosomes (NMs) (shown in cross-section) and the 
macromelanosome, which is spherical ( x 6,000). b: 
High-power view of the macromelanosome. The mac-
romelanosome is surrounded by a membrane. Between 
the electron-dense inner core and the outer membrane, 
there is a region in which vesiculo-globular bodies are 
aggregated ( x 55,000). 
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abnormal aggregation of fine grains of melanin. In 
hypomelanotic lesions of patients with tuberous 
sclerosis, the melanocytes synthesize the normal 
ellipsoidal melanosomes, which, however, are 
greatly decreased in size [78]. 
THE EPIDERMAL MELANIN UNIT 
Having considered the synthesis of melanosomes 
within melanocytes, we shall now describe the 
subsequent events within the epidermal melanin 
units. Briefly, these units (Fig. 1) consist of a 
melanocyte and the pool of keratinocytes to which, 
by virtue of proximity, they can, under appropriate 
conditions, donate melanosomes. In mammalian 
epidermis, the synthesis of melanin within melano-
somes is but one phase in a continuum of complex 
cytologic events which ultimately depend on the 
function and structural integration of melanocytes 
and keratinocytes achieved during embryonic de-
velopment and maintained throughout life 
[79-84]. 
To appreciate the full role of the epidermal 
melanin unit, one must have some insight not only 
into melanosome synthesis but also into the mobil-
ity of melanosomes (both within and between mel-
anocytes and keratinocytes), melanosome trans-
port, and melanosome degradation within the epi-
dermis [80,85]. 
Movement of Melanosomes Within Melanocytes 
The mechanism by which melanosomes move 
inside melanocytes and their dendritic processes 
(from the perinuclear and endoplasmic regions 
toward the tip of the dendrites) and are transferred 
into the surrounding epithelial cells is still not fully 
understood. The mechanisms involved in the intra-
cellular movement of melanosomes have been 
extensively studied in the melanophores and mel-
anocytes of fish and frog skin, particularly as they 
relate to the actions of melanocyte-stimulating 
hormone (MSH) [86]. But studies of mammalian 
systems have thus far been limited. Light micro-
scopic studies of tissues from fish and frogs indi-
cate three mechanisms that might account for the 
movement of melanosomes: (a) a change in the 
intracellular current flow caused by a local differ-
ence in membrane potentials between the central 
and peripheral parts of the cell (the electrophoresis 
theory) [87]; (b) the ionic release or exchange of 
membrane-bound ions (the ion-exchange theory) 
[88]; and (c) sol and gel transformation which 
causes changes in the hydrostatic pressure of the 
cytoplasm (the sol-gel transformation theory) [89]. 
These theories are complicated by ultrastructural 
studies which indicate that movement of the 
melanosomes may occur within channels sur-
rounded by microtubules (the microtubule theory) 
[90,91 ]. 
McGuire and Moellmann [92] reported that 
epidermal melanocytes in frogs contained cyto-
chalasin-sensitive filaments (65-75 A) that oc-
cupied an intermediary position in the chain of 
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events extending from MSH-dependent activation 
of adenylate cyclase to the dispersion of melano-
somes. They found that cytochalasin prevented the 
dispersion of melanosomes by MSH and caused 
the aggregation of pigment granules in frog mel-
anocytes that had been treated with MSH. Moell-
mann, McGuire, and Lerner [93) later redesig-
nated the structures that the~ originally described 
as "microfilaments" as "100-A. filaments" because 
they found their filaments were larger than typical 
microfilaments (50-70 A). They also observed that 
these filaments became crystallized in vinblastine 
which also causes the proteins of microtubules to 
crystallize. Therefore, they suggested that the 
100-A filaments and microtubules are intercon-
vertible and achieve an equilibrium during the 
skin darkening induced by MSH. Malawista [91) 
also found that colchicine and vincristine inhibited 
translocation of melanosomes. Robinson and 
Charlton [94], though, found that shrimp chro-
matophores contained abundant microtubules and 
cytochalasin-insensitive filaments in their den-
drites. They also found that the translocation of 
pigment granules associated with integumentary 
("physiologic") color change was not inhibited by 
pretreatment with either colchicine or vincristine 
(vinblastine) even though the latter produced 
crystalline complexes of microtubular proteins in 
place of the normal bundles of microtubules. They 
also found a reversible inhibition of pigment aggre-
gation by cytochalasin, with no apparent loss or 
disruption of chromatophore filaments. 
In their studies on the tanning reactions induced 
in human skin by UVL or on the light and dark 
adaptation induced in chick eyes, Jimbow, Pa-
thak, and Fitzpatrick [95], Jimbow, Davison, Pa-
thak, and Fitzpatrick [96], and Jimbow and Fitz-
patrick [97] recently found that melanocytes char-
o 
acteristically contain 100-A ("intermediate") fila-
ments which are involved not only in the elonga-
tion of the dendrites, but also in the movement of 
the melanosomes (Fig. 9). They have tentatively 
concluded that microtubules are not directly in-
volved in melanosome movement. This conclusion 
was based on their findings in epidermal melano-
cytes and retinal pigment cells that (a) melano~ 
cytic filaments changed their location reversibly 
after exposure to UVL; (b) melanosomes also were 
shifted from the perinuclear and endoplasmic 
regions to the tips of the dendrites and as a result 
more of them were transferred to the keratinocytes 
in human skin; (c) those melanosomes shifted to 
the dendrites were embedded in bundles, or clus-
ters, of the melanocytic filaments, some of which 
actually encircled the melanosomes; (d) there was 
no morphologic association between microtubules 
and melanosomes; (e) microtubules were very 
rarely seen in the dendrites. According to Robinson 
and Charlton [94], the fact that neither cyto-
chalasin nor vincristine inhibits the movement of 
melanosomes corroborates the assumption of Jim-
bow and Fitzpatrick [97] that the melanocytic 
filaments are unaffected by these chemical agents. 
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FIG. 9. Fine structure of an-epidermal melanocyte after immediate tanning reaction. Biopsy was obtained from a 
~ aucasoid subject exposed to A > 320 nm from sunlight for 20 min. a: Low-power view of the melanocyte (Me). Note 
' hat the dendritic processes (DP) are extended and filled with melanosomes (x 12,000). b: High-power view of a 
;)()rtion of one dendritic process illustrated in Fig. 5a. Note that the melanosomes are at various developmental stages 
lnd are encircled by a fine network of the " intermediate," 100-A filaments (x 195,000). 
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Moreover, the fact that each agent partly inhibits 
the development of dendrites supports Jimbow and 
Fitzpatrick's conclusion that melanocytic fila-
ments are also involved in the development of 
melanocytic dendrites. It also agrees with the 
findings of Everhart and Rubin [98] that the 
primary site for the effect of cytochalasin is the 
surface of the plasma membrane, not the thin 
"microfilaments." Still undetermined, however, is 
whether these melanocytic filaments are directly 
involved in the transfer of melanosomes from 
melanocytes to keratinocytes, either normally or 
after UVL irradiation, when the numbers of mel-
anosomes transferred to the keratinocytes increase 
during tanning reactions [95]. What first triggers 
the translocation of melanocytic filaments is still 
not known. Do UVL and visible light affect mela-
nocytic filaments directly or do they first affect 
other photoreceptor cells (e.g., keratinocytes) in 
the skin and cones and rods in the retina, which 
then, through changes in membrane or cellular 
potentials or ionic strength, signal the shift of 
melanocytic filaments? 
Transfer of M elanosomes 
Melanosomes synthesized by melanocytes are 
transferred to keratinocytes where they occur 
either as discrete particles (nonaggregated) or as 
aggregates of two or more particles within mem-
brane-limited vesicles (Fig. 10) . These melano-
some-containing organelles, previously termed 
"melanosome-complexes," resemble the mem-
brane-limited, melanosome-containing organelles 
within macrophages which have been identified as 
phagolysosomes (secondary lysosomes). Aggre-
gated melanosomes in keratinocytes appear to 
undergo a gradual degradation into small electron-
dense particles. This phenomenon varies and the 
factors that determine it are not completely under-
stood [99]. It appears to be related to size [77] since 
small ellipsoidal melanosomes aggregate within 
phagosomes and undergo degradation whereas 
larger ones apparently do neither. The melano-
somes within the keratinocytes of habitually black 
buttock skin of Australian Aborigines and African 
and American Blacks are large and discrete 
whereas those in the keratinocytes of the unex-
posed skin of Chinese, Japanese, Whites of 
European ancestry, and American Indians are 
smaller and predominantly aggregated (Fig. 10) 
[99-102]. In all racial groups examined, the mel-
anosomes in the keratinocytes of dark hair are 
large and therefore discrete [103]. What consti-
tutes the critical size above which melanosomes 
are arranged singly within keratinocytes is not 
clear; estimates range from approximately 0.4 f.1 to 
1 f.1 [104]. 
The size of melanosomes in epidermal melano-
cytes is under genetic control, but non genetic 
factors also appear to affect their size and therefore 
the aggregation phenomenon in keratinocytes. A 
critical question is whether this phenomenon can 
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FIG. 10. Diagram of racial differences in the mode of 
melanosome transfer from the melanocyte (MC) to the 
keratinocytes (KC). Left: Caucasoids and Mongoloids: 
melanosomes form " melanosome complexes" within ke-
ratinocytes and melanosome degradation is seen within 
lysosome-like complexes. Right:Negroids and Aus -
traloids: melanosomes are larger than those of Cauca-
soids and Mongoloids and are arranged singly within 
keratinocytes . N = nucleus . 
be directly related to the color of the skin. Is the 
black skin of Australian Aborigines or African or 
American Blacks related solely to the large number 
of big, heavily melanized melanosomes or also to 
the fact that they are single? Conversely, is the 
light skin of Caucasoids related solely to the 
smaller number of melanosomes or is it enhanced 
by their aggregation? In a study of 14 American 
Blacks with light and dark skin, there appeared to 
be a strong correlation between skin color and 
melanosome aggregation [103]. The effect of "me-
lanosome-packaging" on skin color could be criti-
cally tested in carefully selected human subjects 
with the same number of melanosomes per unit 
volume of epidermis but with a different pattern of 
distribution. The possibility that packaging also 
affects the differential rates of melanosome degra-
dation within keratinocytes and hence skin color 
should also be explored. 
Two explanations for the process whereby mel-
anosomes are transferred from the tip of the 
melanocytic dendrite to the keratinocyte and then 
dispersed either singly or as a complex unit have 
been given. The first possibility is that a melano-
cytic dendrite contacts the cell membrane of the 
keratinocyte which then pinches off its tip which 
contains the melanosomes and encloses both 
within a phagocytic vacuole. This explanation, 
well documented in cell culture studies [105-108], 
postulates that, at least initially, the phagocytic 
vacuole possesses a double membrane; one of 
keratinocytic origin, the other of melanocytic ori-
gin. This double-membrane hypothesis has been 
documented in two studies in vivo [109,110] but it 
does not explain why melanosomes are present in 
keratinocytes either as a single or a complex unit 
nor why double membrane-bound phagosomes 
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contammg melanosomes are so rarely seen. 
Though several papers have described double en-
velopes around melanosome complexes in keratino-
cytes, none offers any assurance that the struc-
ture is truly intracytoplasmic. The grouped mel-
anosomes surrounded by a double membrane may 
simply reflect the cross-sectional profile of a den-
drite closely applied to the folded surface of a 
keratinocyte. If transfer occurs in this fashion the 
melanosomes might be initially dispersed within 
the keratinocytes and, depending on their size, 
reassembled as single or complex units. 
Another postulate-that melanosomes are se-
creted extracellularly from the tips of the melano-
cytic dendrites and are engulfed by the keratino-
cytes-may account for the distribution pattern of 
melanosomes as either a single or a complex unit in 
keratinocytes. Since the melanosomes are treated 
as foreign bodies by the keratinocytes, they are 
phagocytized and packaged according to their size. 
Animal experiments [111] utilizing cutaneous in-
jections of melanosomes of different sizes have 
recently provided evidence that the keratinocytes 
phagocytize melanosomes in much the same way 
as Acanthamoeba phagocytizes latex beads of sev-
eral different sizes (Fig. 11) [112]. These animal 
models strengthen the view that how melanosomes 
are distributed in the normal skin of Caucasoids 
and Negroids [97,102], in hyperpigmented skin 
after UVL plus topical application oftrimethylpso-
ralen [103], and in the hypopigmented skin of 
patients with tuberous sclerosis [78], depends on 
melanosome uptake from the intercellular space. 
But they leave two questions unanswered. Why are 
melanosomes rarely found extracellularly between 
melanocytes and keratinocytes? How do melano-
somes lose their membranes before they are phago-
cytized by the keratinocytes? 
Degradation of Melanosomes 
Once redistributed in the keratinocytes, the 
melanosomes are subject to degradation by lyso-
somes. What kind oflysosomal enzymes are specif-
ically involved in this degradation process is not 
clear but it is evident that the membrane-limited , 
vacuoles containing aggregated melanosomes pos-
sess acid phosphatase activity [113] and fine grains 
of what appears to be degraded melanin and other 
melanosomal components. On reaching the horny 
laver these vacuoles often lose their limiting . , 
m2mbranes and the melanosomes disperse individ-
UJlly. 
The degradation of melanosomes can also occur 
within the melanocyte itself. Intramelanocytic 
d ~' gradation of melanosomes often takes place in 
s:j n hyperpigmented by exposure to UVL and in 
h e hyperpigmented macules derived from neo-
T i astic melanocytes [114-116]. It can also induce 
} vpomelanosis in animals. The feathers of White 
] .eghorn chickens, for example, are hypomelanotic, 
l 'Ven though they have melanocytes that contain 
. .'lrosinase and synthesize melanin. Light micros-
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copy studies concluded that hypomelanosis occurs 
because the melanocytes in White Leghorns are 
fewer and have a shorter life span in vivo and in 
vitro than those in normally pigmented chickens. 
Rawles [117] also proposed that melanocytes 
"degenerate prematurely" before the melanin syn-
thesized can be deposited in the feather keratino-
cytes. A more recent ultrastructural study by 
Jimbow et al [54] showed that hypomelanosis in 
White Leghorn feathers is related to the abnormal 
degradation of melanosomes within melanocytes 
and that intramelanocytic melanosomal degrada-
tion eventually causes the destruction of the mel-
anocytes. 
FUNCTIONAL INTEGRATION WITHIN EPIDERMAL 
MELANIN UNITS 
The Pattern 
One could gain the erroneous impression that 
the origin and disposition of melanosomes within 
epidermal melanin units represent only a single 
outwardly directed linear chain of cytologic events 
extending from the epidermal basal layer to the 
stratum corneum. But it is increasingly clear that 
the biosynthesis of melanosomes within melano-
cytes depends on cues arising in the dermis and 
progressing throughout the complex levels of bio-
logic organization which characterize the epidermal 
melanin unit [83]. The reported changes in lyso-
somes alone suggest that the metabolic activity of 
keratinocytes is significantly altered by the arrival 
of melanosomes from melanocytes. These meta-
bolic changes may extend beyond those associated 
with lysosomes and, by feedback control, affect the 
melanocytes in which the melanosomes originated. 
Products derived from melanosome degradation or 
from other sources within keratinocytes can con-
ceivably pass downward by way of keratinocytes or 
the intercellular spaces [118] to regulate melano-
cyte function. 
As traditionally described, tissue-specific cha-
lones are (glyco) proteins and (glyco) polypeptides 
which control the replication of various types of 
cells, including melanocytes and keratinocytes, by 
negative feedback [119-125]. On the basis of this 
"chalone theory," the maintenance of fixed ratios 
of diverse cell types in the epidermis would require 
precise balances in the production and utilization 
of a multiplicity of cell-specific chalones. 
The "chalone theory" as originally promulgated 
has been modified by Voorhees and associates 
[126-128], who maintain that a central role in the 
regulation of the turnover of epidermal keratino-
cytes is played by the adenyl ate cyclase-cyclic 
AMP ("second messenger") mechanism elucidated 
by Sutherland [129]. They propose that whereas 
the epidermis contains prostaglandin E2 which 
stimulates epidermal adenylate cyclase activity, 
epidermal adenylate cyclase activity may be in-
fluenced by cell surface chalone, prostaglandin E 2 , 
and such systemic hormones as epinephrine and 
locally released neurotransmitters of which dopa-
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FIG . 11. Uptake of melanosomes by the regenerating keratinocytes in a suction blister produced on the back skin of 
an albino guinea pig. a: Incorporation of the B-16 mouse melanoma melanosomes (about 0.3 x 0.5 Jl) into a 
keratinocyte as a "melanosome complex ." ES, extracellular space of the suction blister (x 74,000) . b: Melanosome 
complexes (Me) in keratinocytes (x 64,000). c: Incorporation of melanosomes obtained from mouse hair (about l.2 x 
0.8 f.L) into keratinocytes as single units (x 67,000) . 
mine is an example. In this view, chalone is only 
one part of a complex mechanism regulating cyclic 
AMP levels and consequently cell division. Rather 
than serving "to strengthen" chalone action [122], 
epinephrine is envisaged by Voorhees and Duell 
[126] as binding to /1-adrenergic receptor sites on 
cell membranes of keratinocytes, thereby leading 
to the activation of adenylate cyclase and in-
creased intracellular synthesis of cyclic AMP. To 
date, the mechanism proposed by Voorhees and. 
associates [126] does not completely explain thE' 
full range of properties claimed for chalones [122] 
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Recently, Bullough [125] has proposed that mitotic 
activity in mammalian epidermis depends not only 
on the tissue-specific inhibitory action of chalones 
but also on a nonspecific mitosis-promoting mes-
enchymal factor which is synthesized in the der-
mis. Duell, Kelsey , and Voorhees [130] have em-
phasized the importance of developing adequate 
assay systems for testing the action of chalones. 
The recent upsurge in chalone research should lead 
to a more rapid evolution of this important but 
perplexing field of dermatologic research. 
Lerner [131] has summarized research which 
suggests that cyclic AMP acts as a "second mes-
senger" in the hormonal and neural regulation of 
melanosome movements within melanophores of 
fish , amphibians, and reptiles. Citing the litera-
ture which shows that MSH elevates cyclic AMP 
within mammalian melanoma cells and stimulates 
melanogenesis within normal mammalian melano-
cytes, Lerner [131] suggested that cyclic AMP 
stimulates tyrosinase synthesis as a prelude to 
increased melanogenesis. More recently, investiga-
tors in Lerner 's laboratory have clarified the action 
of MSH on melanogenesis within melanoma cells 
[132-136]. Evidence now suggests that MSH acti-
vates tyrosinase by eliciting the conversion of 
tyrosinase from an inactive to an active form, a 
process which probably involves the inactivation of 
an inhibitor of the enzyme [134]. Oikawa and 
. Nakayasu [137] have recently demonstrated that 
cholecalciferol formed by the UVL-induced photo-
conversion of 7 -dehydrocholesterol stimulates me-
lanogenesis by eliciting increased tyrosinase activ-
ity within melanoma cells. They did not , however, 
examine the relation of cyclic AMP to cholecal-
ciferol action. 
In summary, cyclic AMP may serve as a " second 
messenger" in normal mammalian melanocytes , 
acting not only on melanogenes.is but also on 
mitotic activity. The balanced interaction of kera-
tinocytes and melanocytes within epidermal mela-
nin units may depend on endogenous and exoge-
nous regulatory factors that operate by way of 
cyclic AMP. Thus , both chalones and cyclic AMP 
may be operative within epidermal melanin units. 
Creative research is needed to test critically the 
"chalone " and " cyclic AMP" theories of epidermal 
regulation. 
New Horizons for the Epidermal Melanin Unit 
The movement of keratinocytes in the epidermis 
is more complex than is generally appreciated. In 
the germinal layer of certain types of human and 
mouse epidermi~, keratinocytes do not divide at 
random [138-140]. In the germinal layer of mouse 
ear epidermis, for example , they probably prolifer-
~ ·te at restricted sites and move laterally before 
;.hey ascend to give rise to orderly columns of 
, ornified cells [138,141-143]. The stacking of corni-
·.led cells in human epidermis may derive from 
·.imilar epidermal mechanics [140]. Accordingly, in 
· . .lddition to involving upward flow, the passage of 
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keratinocytes in epidermal melanin units probably 
includes a significant lateral movement. Com-
plicating this picture further is the evidence that 
mitosis occurs among keratinocytes located above 
the basal layer [143,144]. When properly inter-
preted, this new knowledge will undoubtedly mod-
ify current theories on the origin and fate of 
melanosomes within epidermal melanin units. 
PERSPECTIVES IN MELANIN BIOLOGY 
The major recent advances in pigment biology 
reviewed here are summarized in Figure 12. Ap-
proximately a decade ago at the 16th Symposium 
on the Biology of Skin, Fitzpatrick, Miyamoto, and 
Ishikawa reviewed the evolution of the theories of 
melanin biology and presented a list of the signifi-
cant problems then facing pigment cell biologists 
[145]. They were as follows: " (a) the structure of 
melanin and pheomelanin; (b) the intracellular 
regulatory mechanisms which determine that mel-
anin formation begins at a certain stage only in the 
development of the premelanosome; (c) the un-
known origin of a new generation of melanocytes in 
fully differentiated skin, as in the hair bulb, where 
new melanocytes arise during the anagen phase 
and yet no melanocytes can be detected during the 
telogen phase; (d) the relation of the Langerhans 
cell to the melanocyte system; (e) the mechanisms 
by which the malpighian cell regulates melano-
some formation and the transport of melanosomes 
from the melanocyte to the malpighian cell; (f) the 
mechanism by which melanocyte-stimulating hor-
mcme increases pigmentation in mammalian skin 
and its explanation in terms of our present knowl-
edge of melanin biosynthesis." 
The present review has shown that although our 
knowledge of the structure of melanin (item a) is 
still incomplete, nonetheless, considerable ad-
vances have been made particularly with respect to 
the structure of pheomelanin. It is now clear that 
tyrosinase may be added to melanosomes via small 
FIG. 12. Diagram summanzmg major events in the 
early development of melanocytes, their subsequent 
differentiation, and interaction throughout life ; G, Golgi 
apparatus; E, endoplasmic reticulum; N, nucleus ; M, 
mitochondria; PMS, early melanosome; MS, fully mel-
anized melanosome; I, II, III, and IV, stages in melanoso-
mal development, shown in upper left corner in dendritic 
process. 
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vesicles, but how tyrosinase is activated (item b) to 
begin melanogenesis at a certain stage in melano-
some formation remains unknown. The location of 
melanocytes within the germ of resting hair folli-
cles has been tentatively identified (item c), and it 
is fairly clear that stem melanocytes may populate 
each hair generation via mitotic proliferation. 
Since most agree that melanocytes and Langer-
hans cells do not derive from a common lineage, 
item d may be deleted from the list of unsolved 
problems. Currently, we have only the most gen-
eral understanding of how (item e) melanocytes 
and keratinocytes interact to regulate melanosome 
synthesis within epidermal melanin units. How-
ever, as we have shown here, somewhat more is 
known about how melanosomes are transferred and 
transported within epidermal melanin units. Fi-
nally, the role of MSH (item f) in melanogenesis 
has been clarified and provides a model for creative 
approaches to problems in melanin biology. 
As old problems are resolved, however, new ones 
rapidly emerge. A major focus of future research 
should be to distinguish between the properties of 
melanocytes which are strictly coded in their 
genomes and those which are orchestrated by their 
environment. Specifically, what are the nucleotide 
sequences in the DNA of normal pigment cells 
which ultimately specify each aspect of melano-
cyte performance: mitosis, tyrosinase synthesis, 
melanosome formation, melanosome transfer and 
degradation, and melanocyte longevity? Another 
unresolved problem of crucial importance is what 
happens to normal melanocytes at the molecular 
level that causes them to be progra'mmed as 
malignant cells. Future research should also be 
concerned with isolation and purification of mam-
malian tyrosinase-specific antibodies for localizing 
tyrosinase within cells, and possibly for immuno-
therapy and chemotherapy of melanoma. Pheome-
lanogenesis should be studied in vivo to keep pace 
with advancing knowlege of the process in vitro. 
The variety of melanosomes synthesized by mel-
anocytes and melanoma cells raises the question 
whether the type of melanosome synthesized at a 
given time is, at least in part, associated with the 
metabolic requirements of the melanocyte. Specifi-
cally, why are macromelanosomes synthesized in 
certain human pigmentary disorders? Are they 
somehow part of a mechanism of metabolic adap-
tation that is essential for the function of altered 
melanocytes? The next 25 years abound with 
opportunities for increasing our understanding of 
these important issues in melanin biology. 
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